Abstract -This paper proposes a dual-memory motor drive for electric vehicles (EVs). The dualmemory motor adopts a dual-magnet arrangement which incorporates two permanent magnet materials for hybrid excitation, namely neodymium-iron-boron (NdFeB) and aluminum-nickel-cobalt (AlNiCo). The NdFeB PMs provides the main air-gap flux, while the AlNiCo PMs can be regulated online for main flux strengthening or weakening. Therefore, the dual-memory motor drives can achieve a high starting torque by flux strengthening and extend its constant power operation range by flux weakening. Firstly, the proposed motor structure is presented. Secondly, its operation principle is discussed. Thirdly, the drive system and control scheme are developed for EVs. Finally, by using the circuit-field-torque time-stepping finite element method (CFT-TS-FEM), the performance of flux strengthening is verified, and experiments are also carried out to assess its flux weakening capability.
Introduction
With ever increasing concerns on energy crisis and environmental protection, the electric vehicles (EVs) are attracted more and more attention in recent years [1] - [4] . Compared to the internal combustion engine (ICE) vehicles, EVs exhibit low noise, low emission, and high efficiency features due to the electrical propulsion. Therefore, an electric motor with high power density, high efficiency and high reliability features is highly expected as the traction motor for the high performance EVs [2] - [6] . In recent years, a new machine family named doubly salient permanent magnet (DSPM) machines draws a great deal of attention [7] - [20] . This machine adopts a switched reluctance machine (SRM) topology but utilizes permanent magnets (PMs) in the stator for field excitation. Therefore, the simple and robustness characteristics of SRM are attained and the power density is improved due to the engagement of high energy density PMs. However, the flux weakening capability of DSPM machine is not satisfactory which may limit its operation range, especially for the high-speed cruising. In order to solve this problem, the PM hybrid brushless (PMHB) machine was proposed and developed. This machine adopts the DSPM machine topology, but it is additionally furnished with DC field winding in the stator [21] - [25] . By using the DC field winding for flux control, the air-gap flux can be strengthened for enhancing the developed torque and weakened for high-speed operation. Nevertheless, due to continuously-fed DC current for flux control, the whole efficiency is deteriorated inevitably. Recently, the memory machine which adopts AlNiCo PMs for flux control was proposed and developed [26] - [31] . By using the nonlinear demagnetization characteristics of AlNiCo PM, different magnetization levels can be resulted by different magnetization or demagnetization current pulses. After removing this magnetization or demagnetizeation current pulse, the magnetization level of AlNiCo can be maintained. Thus, by applying different DC current pulses, the air-gap flux can be online regulated. Thus, the machine performances can be improved accordingly.
The purpose of this paper is to present a new dualmemory motor and its drives for EVs. The proposed motor has the same structure as that of the PMHB ma chine and the memory machine, but uses NdFeB PMs and AlNiCo PMs for hybrid excitation. The NdFeB P Ms provides the main air-gap flux, and the AlNiCo P M assists for air-gap flux control via DC temporary cur rent pulses. By adopting the high energy density PMs and flux-mnemonic PMs, the proposed motor can meet the strict requirements of EV propulsion. Fig. 1 depicts the configuration of the dual-memory motor, and only one third of the motor stucture is presented. The proposed motor adopts an inner stator and outer rotor design. The armature windings are placed in the outer stator slot, the DC field windings are placed in the inner stator slot, and the PMs are placed between the two sets of windings. Two kinds of PM materials are engaged. One is high coercivity and high energy density NdFeB PMs for providing the main air-gap flux, and another one is AlNiCo PM for memoriz-ing the flux after being magnetized or demagnetized by the DC current pulses. The armature has five phases which is very suitable for fault-tolerance [31] . The outer rotor only consists of iron laminations which is very robust and suitable for in-wheel drives and high speed operation. In-wheel drives are very promising for EVs. As shown in Fig. 2 , the power train system can be reduced and the transmission can be even omitted when the in-wheel motors are applied [1] . Fig. 3 shows the in-wheel motor assembly for an electric motorcycle [32] . In this paper, a 1.2 kW dual-memory motor is dimensioned for EV drives. The key design data are listed in Table 1 .
Motor Design

Operating Principle
If the DC field winding is overlooked, the dual-memory motor can be considered as a 5-phase DSPM motor. Except the flux control, the DC field winding takes little effect on the machine operation. Therefore, the dual-memory machine has the same operation principle as that of the DSPM machine. The developed torque contains two components, namely the PM torque component and the reluctance torque component:
where T r is the reluctance torque component, T PM is the PM torque component, Ψ PM is the flux linkage due to magnets, and L s is the self inductance. It should be noted that the PM torque component plays the major role of resultant torque production, and the reluctance torque component is a parasitic component which causes torque pulsating.
As the DSPM machine, the flux linkage variation of the proposed machine is also unipolar. Its no-load electromotive force (EMF) waveforms are trapezoidal which is suitable for brushless DC operation. As shown in Fig. 4 , the bipolar current can be fed into the armature winding to develop a steady torque. While in the SRM, the unipolar current is applied for steady torque production. (b) In-wheel motor type. Fig. 3 . In-wheel motor assembly. 
Performance Verification
Drive System
Fig . 5 shows the armature driver circuit and the field control circuit. Both adopt the full-bridge driver scheme. Each phase requires four power switches for operation. Compared to the half-bridge driver, the voltage over each phase can be adjusted in a wide range. The current can flow bi-directionally in each phase which is very useful for regeneration braking. In addition, the full-bridge driver naturally realize the electrical isolation among phases, hence, it inherently achieves the fault-tolerant capability. For the DC field windings, the full-bridge driver can easily provide bi-directional current to magnetize or demagnetize the AlNiCo PMs. The firing signals for the power switches in the armature driver and field control circuit are generated by the drive controller and the flux controller respectively. The control block diagram is shown in Fig. 6 . The drive controller consists of two closed loop control modules, namely speed control module and current control module. This dualclosed-loop control scheme is much similar as that of the conventional permanent magnet brushless motor drives. In the outer speed loop, the reference speed signal is compared with the feedback speed signal, and then the error is input to the proportional-integral-derivative (PID) controller to generate a current reference signal for the current controller. The signal from the current controller along with the rotor position signal can be used for generating the firing signals which are input to the 5-phase inverter to drive the motor. In the inner current loop, the feedback current signal is compared with the current reference signal from the speed control unit, and then the error is input to the current controller to form the current control loop. The flux controller operates in two modes depending on the pedal signal and the speed signal. When the vehicle needs start or acceleration, a positive DC current pulse is applied in the DC field winding to increase the air-gap flux density. When the vehicle operates in high speed, a negative DC current pulse is applied in the DC field winding to decrease the airgap flux density for extending the constant power range. 
Results
In order to evaluate the static and transient performances of the proposed motor, the circuit-field-torque timestepping finite element method (CFT-TS-FEM) is adopted [32] . Fig. 7 shows the static torque characteristics. By applying the flux strengthening, the developed torque is improved up to 50%. It is very favorable for quick start and acceleration. The transient responses are also simulated by setting the reference speed of 600 rpm, load toque of 5 Nm and the starting current of 5 A. In this stage, the flux controller generates a positive current pulse for totally magnetizing AlNiCo PMs for enhancing the air-gap flux density. Fig. 8 shows the speed response waveform. Within 50 ms, the starting process is accomplished. Fig. 9 shows the starting torque and starting current waveforms. It can be observed that a starting torque up to 30 Nm can be developed without a high armature current. For testifying the flux weakening capability, the proposed motor operates as a generator driving by a DC motor. The no-load EMF waveforms at different speeds are measured. Fig. 10 shows the no-load EMF waveforms at different speeds without and with flux control. Without airgap flux control, the amplitude of no-load EMF depends on the rotor speed. A higher speed, a larger amplitude of EMF can be obtained. With flux control, the amplitudes of the EMF waveforms can be kept constant. As shown in Fig. 10  (c) and (d) , the amplitude of EMF is fixed at 13.5 V at 300 rpm and 600 rpm. According to Fig. 4 , with flux weakening, the back-EMF amplitude is reduced. At the same power rating of the armature driver, the input phase current can be improved. Therefore, the constant power speed range can be extended. For an efficient control, a look-up table is required for magnetizing or demagnetizing AlNiCo PM at different levels according to different rotor speeds.
Conclusion
The dual-memory motor drives for electric vehicles are proposed and implemented in this paper. The key is that the dual-memory motor consists of NdFeB PMs and AlNiCo PMs for hybrid excitation. The NdFeB PMs are engaged for providing the main air-gap flux and AlNiCo PMs are used to enable flux control by temporary DC current pulses. Therefore, the proposed motor drives can achieve a high starting and accelerating torque and constant power output in a wide speed range. Both the simulation and experimental results are presented to verify performances of the proposed motor drives for electric vehicles.
